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A simple and controllable strategy has been developed to fabricate CoMoO4 microplates/CoMoO4 mi-
croprisms (CMCMs) structures on Ni foam via a facile, cost-effective, two-step hydrothermal route. The
as-grown 3D architecture exhibited excellent areal capacitance of 4.33 F cm2 at a galvanostatic charge-
discharge current density of 50 mA cm2 (6 A g1) and outstanding cycle performance with only 2.8%
degradation over 6500 cycles in the 3 M KOH solution. The asymmetric all-solid-state supercapacitors
based on activated carbon (AC) and CMCMs exhibited much better electrochemical performance than the
symmetric counterpart, showing an areal capacitance of 95.22 mF cm2 at the current density of
12 mA cm2 and excellent cycling stability with 92.27% of the initial capacitance after 5000 cycles. These
results may provide useful guidelines for materials selection and conﬁguration designs for the novel
energy storage devices based on CoMoO4 components and substrates.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the last decade, the accelerated consumption to the fossil
fuels and the increasing acute of the related environmental pro-
blems boosted the development of sustainable and renewable
energy sources, and the related devices like various batteries to
storage these intrinsically discontinuous new energies in the form
of chemical or electrochemical energies [1,2]. Meanwhile, the ra-
pidly growing demands for small, thin, smart, lightweight char-
acteristics of personal electronics appealed for combing batteries
with the long cycle lifespan and short charging times of super-
capacitors, which pushed a dramatic expansion in research di-
rected at materials related to supercapacitors in the last ﬁve years
[3–9]. Especially, the Faradaic redox reaction pseudo-capacitors,
which relay on the fast surface and near-surface reversible faradaic
charge transfer [5,10–12] are currently the leading research hot-
spot because they can provide higher speciﬁc capacitance and
energy density at high charge–discharge rates than electro-
chemical double layer capacitors [10,12,13]. And introduction of
nanostructured electrode materials has been conﬁrmed a pro-
mising solution to further enhance their performances because of
their high surface area, short electron and ion transport pathways
[1]. Besides, materials themselves held the key to fundamental
advances and many new materials were attractive candidates,y. Production and hosting by Elsev
als Research Society.especially the binary metal oxides like cobalt-containing oxides,
growing on conducting substrates directly.
Recently, the transition metal molybdates (MMoO4, M¼Ni, Co,
Mn) exhibited excellent electrochemical activity, high speciﬁc ca-
pacitance and expected cycling retention without sacriﬁcing the
capabilities [1,2,6–8,11,14–24]. CoMoO4 was the most candidate
among them due to its tunable electrochemical behaviors related
to the crystallinity and particularly robust electrode-material
structures to ensure the desired reversible redox reactions, espe-
cially in the charge-discharge process at a large current density
[16,20,22,25]. So far, such researches still lie in the early stages and
are mainly focusing on the electrochemical tests in alkaline solu-
tions to the hydrothermal-synthesized materials rather than on
the assembled devices [6,16,18–20,22,26]. CoMoO4 materials are
mainly used as assistant active materials on other backbone ma-
terials, like grapheme, NiCo2O4, et al., to further improve the
electrochemical properties [6,19,20,26], but the cycling stabilities
of the systems totally depended on the backbone materials rather
than the active CoMoO4 itself. Besides, the conduction deteriora-
tions related to the interfaces among heterogeneous materials are
still difﬁcult to overcome [27]. Slurry-coated CoMoO4 were also
researched but limited to the obvious drawbacks: (1) trade off the
electric conductivity because of the insulating polymer binders;
(2) peeling of loose active materials after long-time soaking in the
tests; (3) the limited electron conduction during electrode reaction
stemmed from random assembly of nanostructured materials [28].
Above all, it's an urgent task to further enhance the capacitance
and cycling stabilities by rationally design the architectures of
CoMoO4 materials directly grown on conductive substrates byier B.V. This is an open access article under the CC BY-NC-ND license
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capacitor devices. Recently, Guo grew directly CoMoO4 nanoplate
arrays on Ni foam via a hydrothermal route [22]. Such archi-
tectures exhibited remarkable electrochemical performance with a
high speciﬁc capacitance of 1.26 F cm2 at a charge and discharge
current density of 4 mA cm2 and 0.78 F cm2 at 32 mA cm2
with 79.5% of the initial speciﬁc capacitance remained after 4000
cycles.
Herein, a simple, cost-effective two-step hydrothermal method
was proposed to tailor morphologies CoMoO4 materials with
tunable functions grown directly on Ni foam: uniform CoMoO4
microplates ﬁrstly grew on the Ni foam, followed by the reﬁned
CoMoO4 microprisms rooted on the as-form structures. The unique
structures exhibited areal capacitance as high as 4.33 F cm2 at a
high current density of 50 mA cm2 in three-electrode electro-
chemical tests in a 3 M KOH aqueous electrolyte and maintained
97.2% of the initial capacity after 6500 cycles. All-solid-state su-
percapacitors based on CMCMs were fabricated for the ﬁrst time
and the asymmetric devices using AC as the cathode showed
better electrochemical properties than the symmetric ones, with
areal capacitance of 95.22 mF cm2 at a current density of
12 mA cm2 and 92.27% preservation of initial capacity after 5000
cycles. These advantages showed great promising of
CoMoO4-based materials in the design of high-performance
supercapacitors.2. Experimental details
2.1. Synthesis of 3D CMCMs
All the chemicals and solvents here were of analytical grade
and used directly without further puriﬁcation (purchased from
Alfa Aesar or Sinopharm Chemical Reagent Co., Ltd). CoMoO4 mi-
croplates supported on Ni foam were synthesized through a
modiﬁed hydrothermal method according to Guo'sreport [22].
Brieﬂy, Na2MoO4 2H2O (1.75 mmol) and Co(NO3)2 6H2O
(1.75 mmol) were dissolved in 35 mL mixture of deionized water
(DI) and 5 mL glycol under vigorous magnetic stirring. Then the
clear solution was transferred to the Teﬂon-lined autoclave. Ni
foam (2.54.5 cm2) were cleaned sequentially in ultrasound
baths with acetone, ethanol, and deionized (DI) water for 15 min
each step, followed by placing into the same autoclave, standing
against the wall. The autoclave was sealed and maintained at
180 °C for 8–12 h in an electric oven and then cooled down room
naturally to room temperature. The sample was then taken out to
wash carefully with DI remove the residual reagents, followed by
drying in a vacuum oven at 60 °C for 12 h. Finally, the precursor on
the Ni foam was annealed at 300 °C in pure argon for 1 h to get
CoMoO4 microplates. The temperature ramped to 300 °C at a rate
of 2 °C/min. CoMoO4 materials produced following Guo's method
were coated on Ni foam to form electrodes for comparison.
For the following formation of CMCMs, CoMoO4 microprisms
grew directly on the Ni foam substrate with CoMoO4 microplates,
following the similar steps. The mass of Na2MoO4 2H2O and
Co(NO3)2 6H2O halved in the total 35 mL solutions while the vo-
lume of glycol maintained 5 mL. The annealing time changed to
2 h in this process.
2.2. Fabrication of all-solid-state supercapacitors
The all-solid-state supercapacitors were fabricated similar with
our previous report: 3 g PVA was fully dissolved in 25 mL DI water
at 90 °C with continuous stirring. When the PVA became clear, the
solution with 1.5 g KOH dissolving in 5 mL DI water was added
dropwise. The mixture was stirred until the solution became clear[29]. For symmetric super-capacitors, two pieces of Ni foams
supported CMCMs were coated with PVA/KOH gel ﬁrstly, followed
by solidifying at room temperature. The half-dry foams were then
assembled to form sandwich construction with the insertion of
polypropylene separator. The devices were then left for 48 h for
complete solidiﬁcation. For asymmetric devices, the negative
electrode used active carbon (AC) instead: one piece of cleaned Ni
foam were careful coated with even mixture of active carbon and
PVDF (massactive carbon:massPVDF¼9:1) to some thickness, followed
by drying in a vacuum oven at 60 °C for 12 h. Then the carbon
electrode was treated as the above CMCMs electrode.
2.3. Materials characterization
The crystal phases, structures and surface states were con-
ducted on the samples collected after ultrasonic shaking from Ni
foams, using X-ray diffractometer (XRD, RigakuD/MAX-2500v/pc)
with radiation from Cu target (Kα, λ¼0.15406 nm). Field emission
scanning electron microscopy (FESEM, NOVA NANOSEM 650) was
used to characterize the surface morphologies. A transmission
electron microscope (TEM, FEI Tecnai F20), high-resolution TEM
(HRTEM, 200 kV), and electron diffraction (ED) were also utilized
to characterize the microstructures of the products.
2.4. Electrochemical characterization
All electrochemical measurements were performed at room
temperature with an electrochemical workstation (CHI706D,
Chenhua, Shanghai, China). In the three electrode electrochemical
mode, the nickel-foam-supported CMCMs (11 cm2) were used
directly as working electrode in the aqueous solution containing
3 M KOH, with a Pt counter electrode and a SCE reference elec-
trode. Potential sweep cyclic voltammetric (CV), galvanostatic
charge-discharge(CD) measurements, electrochemical impedance
spectroscopy (EIS, 100 kHz–0.01 Hz, 5 mV amplitude) and cycling
performances were studied respectively. The area speciﬁc capaci-
tance (Ca) of the electrode was calculated according to the fol-
lowing equation:
Δ Δ= ( )C i t u/ 1a
Where i is the discharging current density (A cm2), Δt is the
discharging time(s), Δu is the potential drop(V), respectively. CV
performances of all-solid-state symmetric and asymmetric su-
percapacitors were compared. CD and cycling performances of
asymmetric supercapacitors were also studied.3. Results and discussion
The microstructures of as-obtained CoMoO4 materials in hy-
drothermal reaction are strongly dependent on the solution
composition and concentration, reacting time, et al. Fig. 1 exhibits
the detailed morphology evolution of CoMoO4 materials in varied
synthetic environments in the ﬁrst step. As shown in Fig. 1(a),
random distributed CoMoO4 microspheres with diameters of
about 1.5–2 mm grown on Ni foam after reaction at 180 °C for 12 h
according to Guo's report [22] and no nanoplate arrays were de-
tected. The current experimental parameters may facilitate ran-
dom sites for nucleation and the following growth of CoMoO4
materials in three-dimensional space, which resulted in the clus-
ters of nanoplates. These architectures further grew into thick
layer of spheres with plate-like features on the surfaces. This kind
of structures can't be used as substrates for the formation of
CMCMS, as shown in the following sections. Furthermore, this
fully relaxation process would weak the adhension between the
Fig. 1. SEM images of as-synthesized CoMoO4 microstructures from different reactions on Ni foams: (a) at 180 °C for 12 h, (b–d) at 180 °C for 8 h, with 5 mL glycol, (e) at
180 °C for 12 h with 5 mL glycol. (f) XRD patterns of CoMoO4 microplates collected after ultrasonic shaking from Ni foams and the following vacuum drying.
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effective contacting areas with the substrate, which led to their
peeling off during the electrochemical tests.
5 mL glycol was introduced to improve the nucleation beha-
viors of CoMoO4. As shown in Fig. 1(b–d), uniformly distributed
CoMoO4 microplates with sizes less than 1.5 mm and thicknesses
around 100 nm were produced on the whole Ni foam, which
produced promising substrates for the formation of CoMoO4 mi-
croprisms. Addition of glycol in the solution led to a decrease ofcontact angle between the solution and the Ni foam, facilitating
the formation of smooth and small microstructures [30]. Mean-
while, the introduction of glycol increased the solution resistance
and viscous force, which limited effectively the over-fast growing
rate locally. Therefore, reﬁned structures produced on the whole
surface and the balancing architectures would not be easily de-
stroyed in the following growth of CoMoO4 microprisms. When
the reacting time increased to 12 h, the perfectly structural bal-
ance was destroyed, as shown in Fig. 1(e). Meanwhile, both the
Fig. 2. SEM images of as-synthesized CMCMs structures on Ni foam supported CoMoO4 microplate layer. The arrows in image (c) directed to the exposed CoMoO4 microplate
layer underlying the CoMoO4 microprism layer. Image (d) exhibited the exposed structures of CoMoO4 microplate layer like the areas directed by the arrows in image (c).
(e) HRTEM image of CoMoO4 microprisms and the corresponding SAED pattern (inset), (f) XRD patterns of CMCMs collected after ultrasonic shaking from Ni foams and the
following vacuum drying.
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increased, which would lead to the density decreases of the nu-
cleation site for the CoMoO4 microprisms. The XRD pattern re-
vealed the crystal structures of the as-synthesized products in this
step and all peaks can be easily indexed as CoMoO4 of monoclinic
crystal structures (JCPDS No. 21-868), as shown in Fig. 1(f). And nopeaks from other crystal phases were detected, indicating the
feasible route to get the pure CoMoO4 materials via a cost-effective
rigorous hydrothermal reaction.
Both Co2þ and Mo6þ concentrations were halved in the second
hydrothermal growth of CoMoO4 materials to ensure different
structures formed on Ni foam supported CoMoO4 materials, while
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in Fig. 1(b) was used as substrate and 5 mL glycol was also used in
the second step, homogeneous layer of CoMoO4 microprisms
covered the original surface, as shown in Fig. 2(a) and (b). Actually,
the nucleation and growth barrier of CoMoO4 is relatively small,
and the formations of CoMoO4 materials were observed even at
room temperature. With increasing the reacting temperature up to
180 °C, the growth of the crystal is so rapid that the particle size
increases dramatically. The usage of CoMoO4 microplate- substrate
further reduced the barrier and provided more nucleation points
than the growth under totally free states. This step was actually aFig. 3. Electrochemical properties of the CMCMs electrodes in 3 M KOH solutions in a th
capacitances of different CoMoO4 electrodes at a scan rate of 100 mV s1, (c) galvanosta
varied galvanostatic CD current densities after 1st and 6500 cycles, (e) cycling performa
and last 5 cycles, (f) electrochemical impedance spectra after the 1st and 6500th cycle.
circuit.typical hydrothermal crystallization and ripening process and the
formation of CoMoO4 microprisms could be explained by an ag-
gregation based growth process like the nanorod bundle produc-
tions of transition metal molybdatehydrates [31–33]: the amor-
phous ﬁne particles formed immediately worked as the precursor
led to the formation of tiny crystalline nuclei and then it is fol-
lowed by crystallization. The larger particles grow at the cost of
the smaller ones because of the difference in solubility between
the larger particles and the smaller particles, according to the
well-known Gibbs-Thomson law. The conﬁnement effects of the
microplate-substrate to the preferential growth of CoMoO4 in theree-electrode system: (a) CV curves at different scan rates, (b) comparison of areal
tic CD curves at different current densities, (d) comparison of areal capacitances at
nce at a current density of 50 mA cm2. (Insets) galvanostatic CD curves of the ﬁrst
(Inset) the impedance spectra of the low-frequency parts and the equivalent ﬁtting
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crystal structure led to the formation of micro-prisms rather than
nanorods. It has been conﬁrmed that the assistance of PEG-400
facilitated the formation of nanorod-like CoMoO4 bundles in su-
persaturated medium and both electrochemical property thermal
stability of CoMoO4 materials were effectively improved [31]. As
the monomer of PEG-400, herein glycol played a similar role in
regulating the morphologies. With increasing the reacting time,
most of the original amorphous tiny nanoparticles grew into mi-
croprisms to eliminate the surface energy. Because the un-
saturated solution here would lead to the density gradient of tine
nanoparticles, aggregation only occurred in sub-regions. There-
fore, there were no enough nanoparticles to perfectly smooth the
microprism surfaces in the relaxation process and only quad-
rangular prisms rather than round rods were obtained. And in-
dividual standing microprisms without bundles produced on the
original microplate layer. The diameters ranged from 1.4 mm to
1.9 mm and lengths were larger than 10 mm, as shown in Fig. 2(c).
The unique 3D structures should facilitate the solution diffusion
and enhance the areal capacitances due to the enlarged active
surface areas in relatively open space. Fig. 2(e) exhibited the
magniﬁed HRTEM image and SAED (inset) of CoMoO4 micro-
prisms. The lattice fringes of 0.336 nm and 0.272 nm in HRTEM
were corresponded to the (002) and (022) crystal planes of
CoMoO4, respectively. This was accordant with the SAED and the
XRD pattern in Fig. 2(f). The pattern in Fig. 2(f) showed no dif-
ference with Fig. 1(f), further conﬁrming the formation of pure
CoMoO4 materials after the second-step hydrothermal reaction.
To highlight the merits of our unique electrode architecture,
the pseudo-capacitive properties of CMCMs on Ni foam were di-
rectly investigated in a 3 M KOH aqueous solution at room tem-
perature. Fig. 3(a) showed the CV curves of the CMCMs electrodes
with various sweep rates ranging from 10 to 80 mV s1 in a po-
tential window of 0.2 to 0.5 V (vs. SCE). A pair of redox peaks
was visible in each CV curves, suggesting that the measured ca-
pacitance was mainly based on the Faradic pseudo-capacitive be-
haviors. Mo was conﬁrmed to exhibit þ6 valence in CoMoO4
[19,34], indicating the Mo atoms did not involve any redox reac-
tions [6]. Therefore, the electrochemical capacitance of CoMoO4
should be attributed to the reversible charge-transfer kinetics re-
lated to the Co2þ/Co3þ redox couple and probably mediated by
the OH ions in the alkaline electrolyte [6,8]:
3[Co(OH)3]2Co3O4þ4H2OþOHþ2e (2)
Co3O4þH2OþOH23CoOOHþe (3)
CoOOHþ OH2CoO2þH2Oþe (4)
With increasing of the scan rate from 10 to 50 mV s1, the
shapes of these CV curves did not signiﬁcantly change, indicating
the ideal pseudo-capacitive behaviors of CMCMs materials [11].
Meanwhile, the redox current increased correspondingly and the
anodic and cathodic peaks shifted towards positive and negative
potentials, respectively. These results represented an ideal super-
capacitor electrode, i.e., low resistance, excellent mass transpor-
tation, sufﬁciently rapid ionic and electronic transport rates among
solution, the active materials and the conductive substrates [8,16–
18,22,35]. This unique structure possessed much more area capa-
citor than CoMoO4 microspheres in Fig. 1(a) and microplates in
Fig. 1(c) due to much bigger active areas from more loading mass
on the same surface, as shown in Fig. 3(b) and S2. When the scan
rate increased up to 80 mV s1, the anodic peak continued shifting
to higher potential and moved out of the testing window, which
was attributed to the polarization effect of the electrode, exhibit-
ing the quasi-reversible feature of the redox couples [26]. Thisrevealed that the charge transfer kinetics is the limiting step of the
interfacial Faradic redox reactions.
Fig. 3(c) displayed the galvanostatic CD curves of the CMCMs
electrodes in a 3 M KOH electrolyte at various current densities ran-
ging from 15 to 100 mA cm2. Each curve was in good symmetry
without visible potential platform, indicating excellent coulomb efﬁ-
ciency and fully reversible electrochemistry in Faraday reactions
[35,36]. The sluggish discharge parts in all curves evidently conﬁrmed
the pseudo-capacitive behaviors of CMCMs. Areal capacitances at
various scan rates stemming from these curves were calculated ac-
cording to Eq. (1) and shown in Fig. 3(d). The areal capacitances were
16.86, 12.2, 7.61, 4.33, 2.16 and 1.57 F cm2 at discharge current den-
sities of 15, 20, 30, 50, 80 and 100 mA cm2, respectively. The as-
obtained areal capacitances were much higher than those of CoMoO4
nanoplate arrays reported previously [22] and our produced CoMoO4
microrod electrodes of seeded solution growth in Fig. S3. This kind of
materials were also superior to many kind of Co-contained oxides or
composite systems such like CoO nanowires [36], 3D CoO/polypyrrole
nanowires [36], hollow and porous CoO nanorods [37], CoOʘTiO2
“wire in tube” structures [37], NiCo2O4 nanowires/carbon ﬁber paper
(CFP) [38], CoxNi1x(OH)2nanosheets/NiCo2O4 nanowires/CFP [38],
branched Co3O4 nanowire arrays [39], branched Co3O4-MnO2 nano-
wire arrays [39], et al. This clearly highlighted the obvious advantages
of our unique design enlarging the capacitances attributing to the
excellent structures and the intrinsic characters of CoMoO4: (1) the
small contact resistance between the microplate layer and Ni foam
ensured the rapid charge transfer(details would be described in the
next section). Moreover, trade off electronic conductivity on the in-
terfaces like composite structures composed of branched Co3O4-MnO2,
CoxNi1x(OH)2nanosheets/NiCo2O4nanowires were subtly avoided
because both the upper microprisms and the underneath microplates
are crystal CoMoO4; (2) the high density and quality of the microplate-
substrate ensured the quality, density and morphology of the micro-
prism. Although both the size and the thickness of underneath mi-
croplates doubled as shown Fig. 2(d), morphologies almost main-
tained stable. Introduction of microprisms of high aspect ratio en-
larged the loading mass of unit area and the speciﬁc surface area,
which were responsible for the high areal capacitance of CMCMs.
(3) The original microprisms anchored on the microplate layer kept
standing states rather than tiling or leaning on it, and the coverage
ratio were in a suitable rage, which enlarged the sufﬁcient active areas
and ensured the synergic effects of microplates and microprisms.
Furthermore, it's clear in Fig. 1(d), Fig. 2(c) and (d) that both sizes of
microplates and microprisms and spaces among them were big en-
ough for the effective transfer of mass and ions near to the interfaces
between solutions and the active materials; (4) Although it was
speculated the redox behavior of Mo had no contribution to the
measured capacitance [8], it was still possible that the modulation or
assistance of Mo to Co atoms to reasonable states or sites in the for-
mation of CoMoO4 improved the total capacitance. Therefore, the as-
obtained CoMoO4 exhibited better supercapacitor properties than
some states of CoO, Co3O4 and NiCo2O4.
The cycling test to this unique conﬁguration further conﬁrmed
the excellent stability. Fig. 3(d) revealed that no obvious areal
capacitance changes happened at varied galvanostatic CD current
densities after 6500 cycles. As shown in Fig. 3(e) and Fig. S4, 97.2%
(i.e. 4.21 F cm2 or 507.2 F g1) of the original capacitance was
observed after repeating charging–discharging processes in 3 M
KOH solution at a current density of 50 mA cm2 (6 A g1) for
6500 cycles. This was higher than those of the previously reported
CoMoO4 nanoplate arrays [22], hollow and porous CoO nanorods
[37], CoOʘTiO2 “wire in tube” structures [37], branched Co3O4
nanowire arrays [39], branched Co3O4-MnO2 nanowire arrays [39],
Co3O4 nanowires [26], Co3O4@NiMoO4 core/shell nanowires [26],
ultra-layered mesoporous NiCo2O4 nanowires [2], NiO nanosheets
Fig. 4. SEM images of CMCMs on Ni foam after 6500 cycles at a galvanostatic CD current density of 50 mA cm2 in 3 M KOH solution. (c) the arrows directed to the exposed
CoMoO4 microplate layer underlying the CoMoO4 microprism layer; (Inset) exhibited the detailed structures of the exposed CoMoO4 microplate layer like the areas directed
by the arrows; scale bar is 3 mm. (d) microstructures on the surface of the microprisms after cycles; scale bar of the inset is 500 nm.
Table 1
Values of equivalent circuit in Fig. 3(f).
L/H Rs/Ω Cp/μF Cdl/μF Rct/Ω W/Ω
After 1st cycle 9.404E7 0.969 3.329 0.004209 0.1448 0.6507
After 6500th cycles 9.027E7 0.6783 1.429 0.007287 0.1549 0.4521
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the similar testing conditions. The ultrahigh stability could be at-
tributed to the robust conﬁguration of CMCMs against the attack
from the OH in solution. Fig. 4 revealed that there were no ob-
vious structural degradations of the 3D conﬁgurations after 6500
cycles, i.e., no serious structural deteriorations happened neither
to the upper microprism-layer nor to the underneath microplate-
substrate. Relatively good structural integrity ensured the tiny
changes of factors related to the electrochemical properties, such
like Rs (including the inherent resistance of the electroactive ma-
terial, ionic resistance of electrolyte, and contact resistance at the
interface between electrolyte and electrode), Rct(the charge-
transfer resistance caused by Faradic reactions), Cp (pseudo-ca-
pacitance, i.e., the limit capacitance), Cdl (double layer capacitance
at the electrode/electrolyte interface) and W (the Warburg im-
pedance, representing the frequency dependence of electrolyte
diffusion/transport into the electrodes) [23,36,37,41,42]. As was
conﬁrmed by EIS in Fig. 3(f) and the simulated results of thecorresponding equivalent circuit in Table 1, there was only one
semi-circle in the high and medium frequency parts in EIS curve of
Fig. 3(f), indicating that the cell is actually worked in the diffusion
rather than absorption limited system.
Fig. 4 revealed that the microprisms were still well-standing on
the surface and the 3D conﬁguration maintained very well.
Therefore, the well-maintained open system ensured the smooth
electrolyte diffusion/transport into the electrodes, as was consist
with the obtained Warburg impedance (W) before and after cycles.
Interesting, W reduced slightly after cycles indicating a better
electrolyte diffusion/transport process, which could be attributed
to the easier access of solutions to the microplate layer due to the
slightly enlarged spaces among the outer microprisms stemmed
from the diameter reduction as shown in Fig. 4(b). Electrical in-
ductance (L) in the high frequency part was ascribed to the dis-
turbance from the outer electrode cable and was small enough to
be neglected. Improvements of the Rs and Cdl were attributed to
the effective activated process in the ﬁrst 600 cycles, which was
obvious in Fig. 4(d). Slightly deterioration of Cp and Rct stemmed
from the morphologic changes in cycle test. As seen in Fig. 4
(b) and (c), the surfaces of microprisms and microplates were all
rougher than their original states. Due to the shielding effect of the
upper microprism layer, only the edges of microplates became a
little blurry while the left parts maintained perfectly smooth. This
ensured the strong adhension of microprisms anchoring on the
Fig. 5. Electrochemical properties of all-solid-state CMCMs supercapacitors. (a) CV curves of symmetric supercapacitors at varied scan rates, (b) galvanostatic CD curves of
symmetric supercapacitors at different current densities, (c) CV curves of asymmetric supercapacitors at varied scan rates, (d) galvanostatic CD curves of asymmetric
supercapacitors at different current densities, (e) cycling performance at a current density of 12 mA cm2, (f) comparison of CV curves of symmetric and symmetric
supercapacitors at a scan rate of 200 mV s1.
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among them, which limited increment of Rs. Although the edges of
microprisms became a little blurry after 6500 cycles, the proﬁle of
rhomboids were still identiﬁable. A thin layer of nanoﬂakes cov-
ered the whole microprism surfaces uniformly, which signiﬁcantly
enhanced the active surface areas, slowing the deterioration of
Faradic reactions. Therefore, Cp exhibited a small decline after
cycles while Rct increased negligibly.
The surface rougher phenomena of CoMoO4 microprisms was
similar to the report about CoO nanorods [43], but our conﬁg-
uration and materials showed better stability and robuster to the
attack of OH . As to CoO nanorods, both CoOOH and CoO2 were
stable under oxidation conditions and the reaction (4) was areversible process [43,44]. As a result, the side products were
mainly from CoOOH. The reactions (2) and (3) were not com-
pletely reversible processes, leading to more and more [Co(OH)3]
transforming into Co3O4 and followed by changing to the layered
CoOOH in the charging process. While in the reverse process,
CoOOH was partially reduced to [Co(OH)3] or Co3O4, leaving the
nanoﬂake-like morphology on the surface. Then the domains
around the as-obtained nanoﬂakes with fresh surfaces drew OH
to react with Co2þ with cycles, facilitating the production and
growth of pores. The micro-trenches on microprisms of Fig. 2
(c) worked as local pools to trap solutions. Therefore, the in-
tegrated trench walls were attacked laterally by OH , leaving
discrete walls to form ﬂake structures. With cycles, the original
X. Geng et al. / Progress in Natural Science: Materials International 26 (2016) 243–252 251micro-trenches disappeared gradually and were replaced by
shallow nanoﬂakes. It was conﬁrmed in Fig. 4(b) and (c): no ob-
vious nanopores appeared on microprisms or microplates after
6500 cycles, while uniformly distributed nanoﬂakes exhibited si-
milar size features with length o400 nm and thickness o50 nm.
Evidently, our CMCMs materials exhibited much better stability
than CoO nanorods reported previously [43]. The distinct stability
could also be attributed to the intrinsic crystalline structures of
CoMoO4 except the contribution of the unique 3D conﬁguration of
the electrode materials. The structure of CoMoO4 has a marked
sub-cell exhibiting almost perfect tetragonal symmetry. It is a
close-packed arrangement of oxygen octahedra about both types
of cations and can be thought as a distorted modiﬁcation of the
CoO structure [45]. The oxygen atoms are sixfold coordinated
around both cations in a close-packed arrangement of distorted
octahedra, based upon the CoO type structure. Nevertheless vo-
lume of the sub-cell of CoMoO4 is very close in value to the volume
of 4 cells of CoO, 1/4 cell off the idealized structure. The contrac-
tion in volume related to the displacements of both cations and
the highly shared edges might help to improvement the resistance
to OH compared with that of CoO, while the pseudo-capacitance
activity maintained effectively. Besides, CoMoO4 was expected to
be more stable under oxidation conditions, beneﬁting from the
higher stoichiometric ratio of the oxygen atom.
Up to now, only asymmetric AC‖CoMoO4 hybrid supercapacitor
device was once fabricated and there's no report about
CoMoO4-based all-solid-state supercapacitors [17]. Baskar con-
structed the asymmetric cells using AC coated graphite sheet and
combustion synthesis of CoMoO4 active electrode, which were
separated by a polypropylene separator. The asymmetric device
exhibited very good electrochemical performance in 2 M LiOH(aq)
electrolyte. These motivated us to research all-solid-state super-
capacitors of CMCMs. Herein, the symmetric and asymmetric all-
solid-state CMCMs supercapacitors were ﬁrst fabricated and the
related the electrochemical properties were shown in Fig. 5 and
Fig. S5. All the CV curves both kinds of supercapacitors were in
quasi-rectangular shapes and there were no considerable shape
changes with increasing the scan rates, indicating ideal charge-
discharge properties and excellent reversibility under the test
environments [46]. Meanwhile, the enclosed areas also increased
gradually with increasing the scan rates, indicating the charge
transfers were fast enough for the rapid redox reactions. CV curve
in Fig. S5(a) exhibited obvious redox peaks, conﬁrmed the pseudo-
capacitance characters of the symmetric supercapacitor. Carbon
materials were thought to work in EDLC mechanism [10], there-
fore the asymmetric supercapacitor with the AC negative electrode
exhibited the synergic effects of both AC and CMCMs, i.e., the
shape tended to rectangular with weaken redox peaks, as was
clear in Fig. 5(f) and Fig. S5(b). AC with high surface area was
usually introduced to construct the asymmetric supercapacitor to
improve the properties like increasing the energy density, the
working potential window, the cycle stability, et al. [17,46–48]. In
our AC‖CoMoO4 asymmetric supercapacitors, the effective poten-
tial window of CV curves enlarged to 1.2 V compared with 0.8 V of
the symmetric devices, as shown in Fig. 5(a) and (c). Fig. 5
(f) clearly revealed the improvement of the CV properties. There-
fore, the AC‖CoMoO4 asymmetric supercapacitor should be more
useful for the real applications.
The cycling stability test at a galvanostatic CD current density
of 12 mA cm2 was also performed to the asymmetric super-
capacitor, as shown in Fig. 5(e). The original areal capacitance
calculated for the charge-discharge curve was 95.22 mF m2. After
5000 cycles, the ﬁnal areal capacitance changed to 87.86 mF cm2,
about 92.27% retention of the original capacitance. The reason for
so excellent cycle stability could be attributed to the outstanding
intrinsic electrochemical stability of AC and the 3D conﬁguredCMCMs electrodes.4. Conclusions
In summary, a simple and cost-effective hydrothermal route
was successfully developed to produce CMCMs conﬁgurations on
Ni foam. The microstructures and morphologies can be ﬁnely
controlled by manipulating the solution composition and con-
centration, reacting time. The as-obtained 3D architectures of high
surface areas exhibit competitive advantages over previously re-
ported CoO nanowires and nanorods, CoOʘTiO2 “wire in tube”
structures, NiO nanosheets, ultralayered mesoporous NiCo2O4
nanowires, et al., in the 3 M KOH aqueous solution in a three-
electrode cell. The areal capacitances of 16.86, 12.2, 7.61, 4.33, 2.16
and 1.57 F cm2 were obtained corresponding to the galvanostatic
CD current densities of 15, 20, 30, 50, 80 and 100 mA cm2, re-
spectively. 97.2% of the initial areal capacitance maintained after
continuous 6500 cycles at a galvanostatic CD current density of
50 mA cm2, indicating promising potential for the design of ul-
tra-stable supercapactior electrode. This can be attributed to the
stable conﬁgurations of CMCMs, the robust microstructures
stemming from the CoMoO4 crystalline structures, the excellent
pseudo-capacitance characters of CoMoO4 materials. Both sym-
metric and asymmetric all-solid-state supercapacitors were ﬁrstly
fabricated and the latter worked as better candidate for further
exploring their potential in real applications. The asymmetric su-
percapacitors composed of AC and CMCMs electrodes showed an
areal capacitance of 95.22 mF cm2 at a galvanostatic CD current
density of 12 mA cm2 and 92.27% retention of the initial capa-
citance after 5000 cycles. The electrochemical performances of
both CMCMs electrode and the asymmetric supercapacitor can be
further improved by combining with other excellent pseudo-ca-
pacitance materials and rational designs. Recently, we successfully
conﬁgured the ultrastable AC‖CMCMs@(Ni, Co)O2 asymmetric su-
percapacitor with an areal capacitance up to 1.54 F/cm2 at a gal-
vanostatic CD current density of 10 mA cm2, which will be re-
ported separately. This provides a promising route for the design
of novel high efﬁciency of energy storage materials and devices.Acknowledgements
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